Renal nitrogen metabolism primarily involves urea and ammonia metabolism, and is essential to normal health. Urea is the largest circulating pool of nitrogen, excluding nitrogen in circulating proteins, and its production changes in parallel to the degradation of dietary and endogenous proteins. In addition to serving as a way to excrete nitrogen, urea transport, mediated through specific urea transport proteins, mediates a central role in the urine concentrating mechanism. Renal ammonia excretion, although often considered only in the context of acidbase homeostasis, accounts for approximately 10% of total renal nitrogen excretion under basal conditions, but can increase substantially in a variety of clinical conditions. Because renal ammonia metabolism requires intrarenal ammoniagenesis from glutamine, changes in factors regulating renal ammonia metabolism can have important effects on glutamine in addition to nitrogen balance. This review covers aspects of protein metabolism and the control of the two major molecules involved in renal nitrogen excretion: urea and ammonia. Both urea and ammonia transport can be altered by glucocorticoids and hypokalemia, two conditions that also affect protein metabolism. Clinical conditions associated with altered urine concentrating ability or water homeostasis can result in changes in urea excretion and urea transporters. Clinical conditions associated with altered ammonia excretion can have important effects on nitrogen balance.
Introduction
Nitrogen metabolism is necessary for normal health. Nitrogen is an essential element present in all amino acids; it is derived from dietary protein intake, is necessary for protein synthesis and maintenance of muscle mass, and is excreted by the kidneys. Under steady-state conditions, renal nitrogen excretion equals nitrogen intake. Renal nitrogen excretion consists almost completely of urea and ammonia. (To note, ammonia exists in two distinct molecular forms, NH 3 and NH 4 1 , which are in equilibrium with each other. In this review, we use the term ammonia to refer to the combination of both molecular forms. When referring to a specific molecular form, we state either NH 3 or NH 4 1 .) Other nitrogen compounds (e.g., nitric oxide metabolites, and nitrates) and many nitrogen-containing compounds (e.g., uric acid, urinary protein, etc.), comprise ,1% of total renal nitrogen excretion. The two major components of renal nitrogen excretion, urea and ammonia, are regulated by a wide variety of conditions and play important roles in normal health and disease, including roles in the urine concentrating mechanism and in acid-base homeostasis. In this review, we discuss the mechanisms and regulation of both urea and ammonia handling in the kidneys, their roles in renal physiologic responses other than nitrogen excretion, and the clinical uses of urea production and metabolism.
Urea Introduction
Proteins throughout the body are continually turning over but at vastly different rates: consider the short half-lives of transcription factors versus the longer half-lives of structural proteins of muscle. To achieve such differences, there must be biochemical mechanisms that precisely identify proteins to be degraded plus mechanisms that efficiently degrade doomed proteins. The consequence is that these processes do not interfere with the turnover of proteins that are required to maintain cellular functions. The "how" and "why" of the biochemical reactions that are required for maintenance of cellular functions are being uncovered (1, 2) . Here, we will examine the overall metabolism and functions of urea. Knowledge of urea functions and metabolism is important because urea is the major circulating source of nitrogen-containing compounds and it plays important roles in regulating kidney function.
Foods rich in protein are converted to the 9 essential and 11 nonessential amino acids, as shown in the summary of overall protein metabolism in Figure 1 . The difference between the two groups is that the essential amino acids cannot be synthesized in the body and, hence, they must be provided in the diet or proteins cannot be synthesized. Amino acids have two fates: (1) they can be used to synthesize protein, or (2) they are degraded in a monotonous fashion in which the a-amino group is removed and converted to urea in the liver. Not surprisingly, the production of urea is closely related to the amount of protein eaten; therefore, urea can be used to estimate whether a patient with CKD is receiving the required amounts of protein (3, 4) . In addition, urea production serves as an estimate of the accumulation of putative uremic toxins and, thus, as a guideline for management of the diets of patients with CKD.
It has long been known that the amount of dietary protein affects renal function (5, 6) . For example, otherwise normal individuals who eat small amounts of protein have low GFR values (7) . On the contrary, eating a large meal of protein transiently raises GFR (8) . The role of a dietary protein-induced change in GFR as a contributor to the consequences of CKD is unclear because most patients with advanced CKD eat substantially more protein than recommended by the World Health Organization (9).
Urea Transport
The urea transporter (UT)-A1 protein is expressed in the apical plasma membrane of the terminal inner medullary collecting duct (IMCD) (10) (11) (12) . It consists of 12 transmembranespanning domains connected by a cytoplasmic loop (Figures 2 and 3 ) (13) . UT-A3 is the N-terminal half of UT-A1 and is also expressed in the IMCD, primarily in the basolateral membrane, but can be detected in the apical membrane after vasopressin stimulation (14, 15) . UT-A2 is the C-terminal half of UT-A1 and is expressed in the thin descending limb (11, (15) (16) (17) . UT-A4 is the N-terminal 25% of UT-A1 spliced to the C-terminal 25% (11) . UT-B1 protein is expressed in red blood cells (11, 16, 17) and in nonfenestrated endothelial cells that are characteristic of descending vasa recta, especially in those that are external to collecting duct clusters (18) .
Urea Handling along the Nephron
Urea is filtered across the glomerulus and enters the proximal tubule. The concentration of urea in the ultrafiltrate is similar to plasma, so the amount of urea entering Figure 1 . | Overview of protein metabolism. Dietary protein intake can either be metabolized quickly to essential and nonessential amino acids or to metabolic waste products and ions. Essential and nonessential amino acids are interconvertible with body protein stores. Amino acids may also be metabolized through the liver to form urea, which is then excreted in the urine. Body protein stores can be converted back to essential and nonessential amino acids or may be metabolized, forming waste products and ions, which, as previously detailed, are excreted in the urine. Figure 2 . | Urea transporters along the nephron. The cartoon and histology show the urea transporters (UT-A1/UT-A3, UT-A2, and UT-B1) along the nephron. UT-B1 is found chiefly in the vasa recta, UT-A2 is found in the thin descending limb of the loop of Henle, and UT-A1 (apical) and UT-A3 (basolateral) are found in the inner medullary collecting duct. Modified from reference 12, with permission. the proximal tubule is controlled by the GFR. In general, 30%-50% of the filtered load of urea is excreted. The urea concentration increases in the first 75% of the proximal convoluted tubule, where it reaches a value approximately 50% higher than plasma (11) . This increase results from the removal of water, secondary to salt transport, and is maintained throughout the remainder of the proximal tubule. Urea transport across the proximal tubule is not regulated by vasopressin (also named antidiuretic hormone) but is increased with an increase in sodium transport.
There are two types of loops of Henle: long looped in the juxtamedullary nephrons and short looped in the cortical nephrons. The difference is that short-looped nephrons lack a thin ascending limb ( Figure 4 ). All portions of short loops are permeable to urea, but the direction and magnitude of urea movement varies with the diuretic state of the animal (11) . The urea concentration in the early distal tubule (at the end of the loop) can reach 7 times the plasma concentration in antidiuretic rats, higher than the concentration at the start of the loop. Therefore, the intervening segments support urea secretion under antidiuretic conditions. By contrast, during water diuresis, there is no difference in the proximal tubular movement of urea, whereas there is net reabsorption of urea in the short loops (11) . Figure 5 summarizes urea permeabilities for the different nephron segments from rat kidney. The urea permeability of proximal convoluted tubules is higher than in proximal straight tubules. Thin descending limbs of short loops have a low urea permeability in the outer medulla, but there is a higher urea permeability in the long loops in the inner medulla. The increased intraluminal urea concentration in thin descending limbs results from a change in the urea:water ratio because of water loss. Although there are considerable differences in the absolute urea permeability values measured in different animals, it is generally agreed that urea is secreted into the lumen of thin limbs under antidiuretic conditions (11) . In addition, the concentration of urea is increased by water reabsorption driven by the hypertonic medullary interstitium, which results from the movement of urea out of the IMCD.
Urea concentration increases in thin ascending limbs (11) due to the gradient for urea secretion provided by urea reabsorption from the IMCD. The gradient decreases as thin ascending limbs ascend, and the driving force to move urea into the tubular lumen also decreases. The urea concentration reaches a level that is equi-osmolar with the surrounding interstitium by the beginning of the medullary thick ascending limb. In contrast with thin ascending limbs, thick ascending limbs have a lower urea permeability (11, 16) . However, there is an overall increase in urea concentration in the lumen from the beginning of the thick ascending limb to the distal convoluted tubule.
The distal convoluted tubule has a low urea permeability; however, some urea is reabsorbed in this segment so that the urea concentration decreases from approximately 110% of the filtered load to approximately 70% by the initial portion of the cortical collecting duct. Both the cortical and outer medullary collecting ducts have low urea permeabilities (11, 16) . By contrast, the IMCD has a high urea permeability, which is increased by vasopressin. There is extensive urea reabsorption from the IMCD lumen into the interstitium. The tubular fluid (urine) exiting the IMCD contains approximately 50% of the filtered load of urea. 
Urine Concentrating Mechanism
Urea and urea transporters play key roles in the inner medullary processes for producing concentrated urine. Urea's importance has been appreciated for nearly 8 decades, since Gamble et al. first described "an economy of water in renal function referable to urea" (19) . Protein deprivation reduces maximal urine concentrating ability and is restored by urea infusion or correction of the protein malnutrition (11, 16) . Decreased maximal urine concentrating ability is present in several genetically engineered mice , showing the location of the various substructures of the nephron labeled as follows: 1, glomerulus; 2, proximal convoluted tubule; 3s and 3l, proximal straight tubule in the shortlooped nephron (3s) and long looped nephron (3l); 4s and 4l, thin descending limb; 5, thin ascending limb; 6s and 6l, medullary thick ascending limb; 7, macula densa; 8, distal convoluted tubule; 9, cortical collecting duct; 10, outer medullary collecting duct; 11, initial inner medullary collecting duct; and 12, terminal inner medullary collecting duct. Modified from reference 11, with permission of the American Physiological Society. lacking different urea transporter(s), including UT-A1/A3, UT-A2, UT-B1, and UT-A2/B1 knockout mice (11, 12, 16) . Thus, although the mechanism by which the inner medulla concentrates urine remains controversial, an effect derived from urea or urea transporters must play a role (11, 16, 17) .
The most widely accepted mechanism for producing concentrated urine in the inner medulla is the passive mechanism hypothesis, proposed by Kokko and Rector (20) and Stephenson (21) . The passive mechanism requires that the inner medullary interstitial urea concentration exceed the urea concentration in the lumen of the thin ascending limb. If an inadequate amount of urea is delivered to the deep inner medulla, urine concentrating ability is reduced because the chemical gradients necessary for passive NaCl reabsorption from the thin ascending limb cannot be established. The primary mechanism for urea delivery into the inner medullary interstitium is urea reabsorption from the terminal IMCD (22) . Urea reabsorption is mediated by the UT-A1 and UT-A3 urea transporter proteins (11, 16, 17) . Figure 2 shows the location of key urea transport proteins that are involved in urine concentration.
The UT-B1 urea transporter also plays an important role in urine concentration (11) . UT-B1 protein is expressed in red blood cells and descending vasa recta (11) . UT-B1 is the Kidd blood group antigen, a minor blood group antigen. People lacking UT-B1 are unable to concentrate their urine .800 mOsm/kg H 2 O, even after water deprivation and vasopressin administration (23) . UT-B1 knockout mice also have a reduced maximal urine concentrating ability compared with wild-type mice (24) . These data suggest that urea transport in red blood cells is important for efficient countercurrent exchange, which is necessary for maximal urinary concentration (25) . As red blood cells descend into the medulla, they accumulate urea to stay in osmotic equilibrium with the medullary interstitium. As the red blood cells ascend in the ascending vasa recta, they need to lose urea. In the absence of UT-B1, the red blood cells are unable to lose urea quickly enough and take some of the urea out of the medulla and into the bloodstream, thereby reducing the efficiency of countercurrent exchange and urine concentrating ability (25) .
Rapid Regulation of Urea Transporter Proteins
Vasopressin. Vasopressin regulates both IMCD urea transporters UT-A1 and UT-A3. Vasopressin increases the phosphorylation and apical plasma membrane accumulation of UT-A1 and UT-A3 (14, 26) . Vasopressin phosphorylates serines 486 and 499 in UT-A1, and both must be mutated to eliminate vasopressin stimulation (27) . Vasopressin increases urea transport, urea transporter phosphorylation, and apical plasma membrane accumulation through two cAMP-dependent pathways: protein kinase A and exchange protein activated by cAMP (28) ( Figure  6 ). Genetically engineered mice lacking UT-A1 and UT-A3 have reduced urine concentrating ability, have reduced inner medullary interstitial urea content, and lack vasopressinstimulated urea transport in their IMCDs (29) .
Hypertonicity. Urea transport across the IMCD is regulated independently by hypertonicity (11, 16, 17) . Urea permeability increases rapidly in perfused IMCDs when osmolality is increased, even in the absence of vasopressin (30, 31) . Vasopressin and hyperosmolality have an additive stimulatory effect on urea permeability (11, 16, 17) . Hyperosmolality, similar to vasopressin, increases the phosphorylation and the plasma membrane accumulation of both UT-A1 and UT-A3 (14, 26, 32, 33) . However, hyperosmolality and vasopressin signal through different pathways: hyperosmolality via increases in protein kinase Ca and Figure 6 . | Urea transport across an IMCD cell. Vasopressin binds to the V 2 R, located on the basolateral plasma membrane, and activates the a subunit of the heterotrimeric G protein Gsa. Activation of the G protein stimulates AC to synthesize cAMP. The increase of intracellular cAMP stimulates several downstream proteins including PKA and Epac, which phosphorylate UT-A1 and increase its accumulation in the apical plasma membrane. Urea enters the IMCD cell through UT-A1 and exits on the basolateral plasma membrane via UT-A3. AC, adenylyl cyclase; Epac, exchange protein directly activated by cAMP; Gs, G protein stimulatory subunit; P, phosphate; PKA, protein kinase A; V 2 R, V 2 vasopressin receptor. Modified from reference 13 with permission. intracellular calcium, and vasopressin via increases in adenylyl cyclase (11, 16, 17) . Hyperosmolality does not stimulate urea transport in protein kinase Ca knockout mice and they have a urine concentrating defect (31, 34, 35) .
Long-Term Regulation of Urea Transporters
Vasopressin. Vasopressin regulates the IMCD urea transporters in the long term through changes in protein abundance (11, 16, 17) . Administering vasopressin for 2 weeks to rats that have a congenital lack of vasopressin, and, hence, central diabetes insipidus, increases UT-A1 protein abundance in the inner medulla (36) . Suppressing endogenous vasopressin by water loading rats for 2 weeks decreases UT-A1 protein abundance (36) . The increase in UT-A1 protein abundance after vasopressin administration matches the time course for the increase in inner medullary urea content after vasopressin administration to rats that have a congenital lack of vasopressin. UT-A3 protein expression is decreased in rats that are water loaded for 3 days and is increased in rats that are water restricted for 3 days. The effect of vasopressin on UT-B1 abundance is unclear because some studies show an increase and others show a decrease (11, 16, 17) .
Low-Protein Diets. Rats fed a low-protein diet for at least 2 weeks have a decrease in the fractional excretion of urea (37) . This results, at least in part, from the functional expression of vasopressin-stimulated urea permeability in the initial IMCD, a segment in which it is not normally present, and an increase in UT-A1 protein abundance (11, 16, 17) . The effect of a low-protein diet on the other urea transporters has not been studied.
Adrenal Steroids. Glucocorticoids increase the fractional excretion of urea (38) . Despite this increase, serum urea nitrogen (SUN) increases in patients given glucocorticoids. This indicates that the increase in urea excretion is insufficient to offset the increase in production in patients given glucocorticoids.
Adrenalectomy, which eliminates both glucocorticoids and mineralocorticoids, produces a urine concentrating defect, although the mechanism is unknown (11). Adrenalectomy increases UT-A1 protein abundance and urea permeability in rat terminal IMCDs (39) . Administering dexamethasone to adrenalectomized rats decreases UT-A1 protein abundance and urea permeability (39) . Both UT-A1 and UT-A3 protein abundances decrease in rats given dexamethasone (40) . The decrease in urea transporters in dexamethasone-treated rats could explain the increase in the fractional excretion of urea because a reduction in urea transporter abundance could result in less urea being reabsorbed and, thus, more being excreted.
Administering mineralocorticoids to adrenalectomized rats also decreases UT-A1 protein abundance in the inner medulla (41) . This decrease can be blocked by spironolactone, a mineralocorticoid receptor antagonist (41) . Both mineralocorticoid and glucocorticoid hormones appear to work through their respective receptors because spironolactone does not block the decrease due to dexamethasone (41) .
Acidosis. Metabolic acidosis is a common complication of renal failure. Acidosis increases protein degradation and shifts the nitrogen and urea loads within the kidney (42). UT-A1 protein abundance increases in the inner medulla of acidotic rats, which may represent compensation for the loss of kidney concentrating ability (increase in urine volume and a decrease in urine osmolality) that occurs during acidosis (43) .
Hypokalemia. Prolonged hypokalemia can cause a decrease in urine concentrating ability (44) . The abundance of UT-A1, UT-A3, and UT-B1 proteins in the inner medulla is reduced in rats fed a potassium-restricted diet (44, 45) . UT-A2 protein abundance was reduced in one study but increased in another (44, 45) . The reason for the different findings is unclear.
In summary, renal urea transport and urea transport proteins mediate a central role in the urine concentrating mechanism. Urine concentrating defects have been demonstrated in several urea transporter knockout mice (11, 12, 16) . In many clinical conditions associated with altered urine concentrating ability or water homeostasis, changes in urea excretion and urea transporters may be contributory factors.
Ammonia Physiologic Role for Ammonia
Kidneys mediate a central role in acid-base homeostasis through the combined functions of filtered bicarbonate reabsorption and new bicarbonate generation. Bicarbonate reabsorption is necessary for acid-base homeostasis, but it is not sufficient. New bicarbonate must be generated to replace the bicarbonate that buffered endogenous and exogenous acids. New bicarbonate generation involves urinary ammonia and titratable acid excretion. Ammonia excretion accounts for the majority of basal bicarbonate generation and changes in ammonia excretion are the primary response to acid-base disorders (Figure 7 ). Nitrogen excretion in the form of ammonia is approximately 10% of urea nitrogen excretion in basal conditions, but can increase 5-to 10-fold, enabling ammonia to have an important role in nitrogen balance.
Renal Ammonia Handling
Overview. Renal ammonia metabolism differs in important ways from that of other renal solutes. Other renal solutes undergo net excretion, such that renal venous content is less than arterial content. Ammonia is fundamentally different. Almost all urinary ammonia is produced in the kidney (47) , and renal venous ammonia exceeds arterial ammonia, meaning that the kidneys actually increase systemic ammonia. Ammonia undergoes a complex set of transport events in the kidney, which determines the proportion of ammonia generated that is excreted in the urine as ammonia nitrogen versus that which enters the renal capillaries and is transported to the systemic circulation through the renal veins.
Renal Ammoniagenesis. Renal ammoniagenesis occurs primarily in the proximal tubule and glutamine is the primary substrate (48) . In the proximal tubule, glutamine uptake occurs through the combination of the apical Na 1 -dependent neutral amino acid transporter-1, and the basolateral sodiumcoupled neutral amino acid transporter-3 (SNAT3) (49) . Changes in ammoniagenesis, such as during metabolic acidosis, are associated with changes in the expression of SNAT3, but not expression of apical Na 1 -dependent neutral amino acid transporter-1 (50). Ammoniagenesis primarily involves phosphate-dependent glutaminase, glutamate dehydrogenase, a-ketoglutarate dehydrogenase, and phosphoenolpyruvate carboxykinase (PEPCK) (47, 51) , and complete glutamine metabolism generates two NH 4 1 and two HCO 3 2 ions per glutamine. The bicarbonate produced is then transported across the basolateral membrane via electrogenic sodium-coupled bicarbonate co-transporter, isoform 1A (NBCe-1A), and serves as "new bicarbonate" generated by the kidney.
Ammonia Transport Overview
Only approximately 50% of the ammonia produced is excreted in urine under basal conditions. The remaining ammonia enters the systemic circulation through the renal veins. Ammonia that enters the systemic circulation undergoes almost complete metabolism in the liver; the major metabolic pathway uses HCO 3 2 as a substrate, and generates urea. Consequently, ammonia produced in the kidney, transported to the systemic circulation, and metabolized in the liver to urea has no net acid-base benefit.
The proportion of the ammonia produced that is excreted in the urine, as opposed to being transported into the systemic circulation, can be rapidly altered. This enables changes in urinary ammonia to exceed, at least acutely, changes in ammoniagenesis (52) . In most chronic acid-base disturbances, changes in ammoniagenesis account for the majority of the changes in urinary ammonia content (47) . Importantly, renal epithelial cell ammonia transport determines the proportion of ammonia excreted in the urine.
Ammonia Transport. Ammonia produced in the proximal tubule is secreted preferentially into the luminal fluid (Figure 8 ). This appears to involve NH 4 1 secretion by the apical NHE3; there may also be a component of parallel H 1 and NH 3 secretion (53-55). Conditions associated with NHE3 activation, such as metabolic acidosis and hypokalemia, also increase ammonia secretion (54).
In the loop of Henle, ammonia reabsorption occurs, with the major transport site being the medullary thick ascending limb. Ammonia is reabsorbed in the form of NH 4 1 primarily via the apical, loop diuretic-sensitive transporter, NKCC2 ( Figure 9 ). Although other NH 4 1 transporters are present, their quantitative contribution is much less. Ammonia is then transported across the basolateral membrane, largely via the basolateral sodium-hydrogen exchanger NHE4 (56) . NH 4 1 transport across the apical membrane, because NH 4 1 is a weak acid, causes intracellular acidification (57) which can inhibit ammonia reabsorption; bicarbonate entry via the basolateral electroneutral sodium-bicarbonate cotransporter, isoform 1 (NBCn1) appears to buffer this intracellular acidification and enable continued ammonia reabsorption (58) . The net result is an axial interstitial ammonia gradient, with the highest levels in the inner medulla, the intermediate levels in the outer medulla and the lowest levels in the renal cortex. Ammonia is then secreted by the collecting duct ( Figure  10 ). Collecting duct ammonia secretion involves parallel H 1 and NH 3 secretion (59). NH 3 secretion appears to involve transport by the Rhesus glycoproteins Rhbg and Rhcg, ammonia-specific transporters expressed in the collecting duct (60) (61) (62) . Basolateral Na 1 -K 1 -ATPase contributes to IMCD ammonia secretion through its ability to transport NH 4 1 (63). Apical H 1 secretion involves both H 1 -ATPase and H 1 -K 1 -ATPase.
An important recent addition to our understanding of ammonia transport is the identification that sulfatides (highly charged, anionic glycosphingolipids) are important for maintaining papillary ammonium concentration and for urinary ammonia excretion during metabolic acidosis (64) . Their expression is highest in the inner medulla, intermediate in the outer medulla, and lowest in the cortex. They appear to bind NH 4 1 reversibly, facilitating development of the axial ammonia gradient and ammonia excretion. Figure 11 shows an integrated view of renal ammonia metabolism.
Regulation of Ammonia Metabolism
Metabolic Acidosis. The primary mechanism by which the kidneys increase net acid excretion in response to metabolic acidosis is through increased ammonia metabolism. Almost every component of ammonia metabolism is increased, including SNAT3, phosphate-dependent glutaminase, glutamate dehydrogenase, PEPCK, NKCC2, NHE4, Rhbg, and Rhcg (51). This integrated response increases renal glutamine uptake, ammoniagenesis, generation of new bicarbonate, and ammonia excretion in urine.
To understand the effect of ammonia metabolism on nitrogen balance, it is important to consider the metabolic source of the glutamine used for ammoniagenesis. Renal ammoniagenesis averages approximately 60-80 mmol/d in humans under basal conditions, and can increase, assuming renal ammonia excretion is approximately 50% of total ammonia production, to approximately 3-400 mmol/d. Because each glutamine metabolized generates two NH 4 1 molecules, approximately 150-200 mmol/d of glutamine is necessary to support maximal rates of ammoniagenesis. During metabolic acidosis, acidosis stimulates skeletal muscle protein degradation that, coupled with hepatic glutamine synthesis, increases extrarenal glutamine production. This enables unchanged plasma Figure 7 . | Responses of urinary ammonia and titratable acid excretion to exogenous acid loads. Normal humans were acid loaded, and changes in urinary ammonia and titratable acid excretion were determined on days 1, 3, and 5 of acid loading. Changes in urinary ammonia excretion are the quantitatively predominant response mechanism on each day, and continued to increase over the 5 days of the experiment. Titratable acid excretion is a minor component of the increase in net acid excretion, and peaks on day 1 of acid loading. Data calculated from reference 46. -dependent neutral amino acid transporter-1; NBCe-1A, electrogenic sodium-bicarbonate cotransporter, isoform 1A; NHE3, sodium/hydrogen exchanger 3; SNAT3, sodium-coupled neutral amino acid transporter-3. Figure 9 . | Ammonia reabsorption by the thick ascending limb. Primary mechanism of apical ammonium absorption is via substitution of NH 4 1 for K 1 and transport by the loop diuretic-sensitive, apical NKCC2 transporter. glutamine levels despite substantial increases in renal glutamine uptake (65) . This role of skeletal muscles in metabolic acidosis has important clinical significance. Metabolic acidosis decreases skeletal muscle mass and it increases ammonia nitrogen excretion, which can cause negative nitrogen balance (65) . Correction of the metabolic acidosis associated with CKD improves nitrogen balance, plasma albumin, skeletal muscle size, and skeletal muscle strength (66, 67) .
Hypokalemia. Hypokalemia is a second condition associated with altered renal ammonia metabolism. Indeed, the increased bicarbonate generation contributes to the metabolic alkalosis often seen with hypokalemia. In addition, in adults on an otherwise adequate, but low-protein, diet, hypokalemia-induced increases in ammonia excretion can cause negative nitrogen balance (68) . In children with a low but otherwise adequate protein intake, hypokalemia reduces the total body nitrogen retention necessary for normal protein synthesis and impairs growth due to increased nitrogen excretion in the form of ammonia (68) .
Glucocorticoid Hormones. Glucocorticoid hormones regulate approximately 70% of basal and 50%-70% of acidosisstimulated ammonia excretion (69, 70) . Their role appears to involve regulation of SNAT3, PEPCK, and NHE3 (71) (72) (73) (74) . In addition, glucocorticoids contribute to acidosis-induced skeletal muscle protein degradation (65) , which by contributing to extrarenal glutamine production, enables maintenance of normal plasma glutamine levels (70) . Thus, glucocorticoid hormones have an important role in nitrogen balance mediated, in part, through their effects on ammonia metabolism.
Protein Intake. Dietary protein intake has important effects on renal ammonia metabolism. In general, high-protein diets, particularly if high in sulfur-containing amino acids, increase endogenous acid production, causing a parallel increase in ammonia excretion, whereas low-protein diets decrease ammonia excretion (75, 76) . Because ammonia nitrogen excretion changes parallel dietary nitrogen changes, net nitrogen balance does not change.
However, the clinician should remember that urinary ammonia averages only approximately 50% of total renal ammonia production, and that a similar amount enters the systemic circulation via the renal veins. Thus, after protein intake, increased renal vein ammonia content can increase plasma ammonia levels (77) . In patients with impaired hepatic function, this can either precipitate or worsen hepatic encephalopathy. Similarly, the protein load from red cell breakdown resulting from gastrointestinal bleeding can increase renal ammoniagensis, leading to increased renal vein ammonia, which may contribute to development or worsening of hepatic encephalopathy (78).
Urea Production and Metabolism

Clinical Uses
Uremic symptoms are principally due to the accumulation of ions and toxic compounds in body fluids (79) . Because protein-rich foods are the major source of these waste products, CKD can be considered a condition of protein intolerance. Indeed, it has been known since at least 1869 that restricting the amount of protein in the diet of patients with kidney diseases improves their uremic symptoms (80) . More recently, we learned that dialysis efficacy is reflected in the removal of urea because changes in urea accumulation reflect changes in accumulated metabolic -ATPase also contributes to NH 4 1 uptake across the basolateral membrane. Cytosolic H 1 is generated by a carbonic anhydrase II-mediated mechanism, and is secreted across the apical membrane via H waste products. Again, this is not a new concept: The link between dietary protein and urea has been recognized since at least 1905, when Folin reported that urea excretion varies directly with different levels of dietary protein (81) . These relationships were elegantly documented by Cottini et al. (Figure 12 ), who fed patients with CKD different amounts of protein (expressed on the abscissa as nitrogen intake because 16% of protein is nitrogen) (82) . With low levels of dietary protein (e.g., approximately 12 g protein/d equivalent to approximately 2.5 g nitrogen), nitrogen balance was negative, indicating that this level of dietary protein causes progressive loss of protein stores. When the diet was raised .4 g nitrogen/d, nitrogen balance became positive, signifying that protein stores were being maintained. With progressively more dietary protein, nitrogen balance remained positive but changed minimally. Instead, when dietary protein was above the level required to maintain nitrogen balance and protein stores, it was used to make urea. Clearly, urea production reflects the level of protein in the diet and the risk of developing complications of uremia. In addition, a high-protein diet invariably contains excesses of salt, potassium, phosphates, and so forth (83) . The clinical problems that arise from high-protein diets in patients with CKD were recently highlighted in reports concluding that increases in salt intake or serum phosphorus will block the beneficial influence of angiotensin-converting enzyme inhibitors to delay the progression of CKD (84,85).
Urea has special properties that can be used to evaluate the severity of uremia or the degree of compliance with prescribed changes in the diet. These properties include the following: (1) a very large capacity for hepatic urea production from amino acids, (2) urea is the major circulating pool of nitrogen and it crosses cell membranes readily so there is no gradient from intracellular to extracellular fluid under steady-state conditions, and (3) the volume of distribution of urea is the same as water (the urea space is estimated as 60% of body weight) (86) (87) (88) .
One clinically useful calculation is the steady-state SUN (S SUN ), which reflects the severity of uremia because it estimates the degree of accumulation of protein-derived waste products. The S SUN calculation is useful because uremic symptoms are unusual when S SUN is ,70 mg/dl.
The requirements for the calculation are that the patient with CKD is in the steady state (i.e., his or her SUN and weight are stable) and urea clearance in liters per day is known. Using the equation below, the amount of dietary protein that will yield a S SUN of 70 mg/dl can be calculated as:
S SUN 5ðdietary protein 3 0:16 2 0:031 g nitrogen=kg per day 3 weightÞ=urea clearance in L=d:
The following steps are used to calculate the S SUN . First, the prescribed dietary protein in grams per day is converted into dietary nitrogen by multiplying the grams per day of dietary protein by 16%. Second, the nonurea nitrogen in grams of nitrogen excreted per day is calculated as the excretion of all forms of nitrogen except urea. This amount is approximated as 0.031 g nitrogen/kg per day multiplied by the nonedematous, ideal body weight (4, 89) . Third, the nonurea nitrogen is subtracted from the nitrogen intake to obtain the amount of urea nitrogen that must be excreted each day in the steady state. Finally, dividing the urea nitrogen excretion in grams per day by the urea clearance in liters per day yields the S SUN in grams per liter.
For example, consider a 70-kg adult with a urea clearance of 14. This calculation arises from the demonstration that in the steady state, the production of urea is directly proportional to the daily protein intake ( Figure 12 ). The only other assumption is that urea clearance is independent of the plasma urea concentration, which is reasonable for patients with CKD. The key concept is that steady-state concentrations of nitrogen-containing waste product produced during protein catabolism will increase in parallel to an increase in the S SUN (4, 82, 89) . By varying the amount of dietary protein, changes in the diet can be integrated with different values of the S SUN. As shown in Table 1 , similar concepts can be used to determine whether a patient is complying with the prescribed protein content of the diet (81, 86, 88) .
These examples emphasize that the net production of urea in patients with CKD (also known as the urea appearance rate) can be used to estimate protein intake (4, 82, 89) . For dialysis patients, the same relationships have been labeled as "urea generation" or the "normalized protein catabolic rate" (nPCR). Obviously, the nPCR equals the net urea production rate or the urea appearance rate except that it is not expressed per kilogram of body weight. However, the designation nPCR is misleading because the rates of protein synthesis and "catabolism" are far greater than the protein catabolic rate: The nitrogen flux in protein synthesis and degradation amounts to 45-55 g nitrogen/d, equivalent to 280-350 g protein/d (1) . The principle of conservation of mass, however, indicates the difference between whole-body protein synthesis and degradation does estimate waste nitrogen production.
Urea Nitrogen Reutilization
Discussion of urea metabolism would be incomplete without addressing urea degradation. It is calculated from the plasma disappearance of injected [ 14 C]urea or [ 15 N] urea (88, 90) and averages about 3.6 g nitrogen/d in both normal individuals and patients with uremia. The 3.6 g nitrogen/d arises from degradation of urea by ureases of gastrointestinal bacteria thereby supplying ammonia directly to the liver (88) . Because this source of nitrogen could be used to synthesize amino acids and ultimately protein, the degradation of urea has been intensively studied (91) . The evidence negates the hypothesis that urea degradation is nutritionally important. First, the amount of urea degraded has been expressed as an extrarenal urea clearance by dividing the rate of urea degradation by the S SUN . In normal adults, the extrarenal urea clearance averages approximately 24 L/d; if this value were present in patients with CKD and a high SUN, the amount of ammonia derived from urea would be very high (79, 88) . However, the quantity of ammonia arising from urea in patients with CKD is not significantly different from that of normal individuals, indicating that the extrarenal clearance of urea in patients with CKD must be greatly reduced; the mechanism for this observation is unknown (88) .
Results from other testing strategies lead to the conclusion that it is unlikely that urea degradation contributes a nutritionally important source of amino acids to synthesize protein. We fed patients with CKD a protein-restricted diet and measured the turnover of urea using [ 14 C]urea. The results were compared with those obtained in a second experiment in which patients received neomycin/kanamycin as nonabsorbable antibiotics in order to inhibit bacteria that were degrading urea. In roughly half of the patients, antibiotic administration blocked urea degradation but there was no associated increase in urea appearance. This result means that ammonia arising from degradation is simply recycled into urea production and hence does not change urea appearance (90) . We also addressed the hypothesis that removal of nitrogen released by urea degradation would suppress synthesis of amino acids and thereby worsen Bn. In this case, the hypothesis was rejected because inhibiting urea degradation with nonabsorbable antibiotics actually improved Bn (92) . Finally, Varcoe et al. measured the turnover of urea and albumin simultaneously and concluded that the contribution of urea degradation to albumin synthesis was minimal (93) .
The possibility that ammonia from urea degradation is used to synthesize amino acids was recently examined in hibernating bears (94) . The authors noted that hibernating bears have very low values of S SUN (approximately 5-10 mg/dl) despite a decrease in GFR and they suggested that S SUN was low because urea was being used to synthesize amino acids. This finding would contribute to another oddity of hibernating bears, namely that their muscle mass and other stores of protein are relatively "spared" from degradation. Why the metabolism of hibernating bears might differ from that of patients with CKD is unknown and we applaud the investigators who gathered the information as experimenting on bears is quite tricky, even if they are hibernating.
Is Urea Toxic?
Because excess dietary protein produces uremic symptoms and because urea is the major source of circulating nitrogen, the potential for toxic responses to urea have been investigated using different experimental designs. Johnson et al. added urea to the dialysate of hemodialysis patients who were otherwise well dialyzed (95) . Complications induced by the added urea were minimal until the S SUN was chronically .150-200 mg/dl. This led to gastrointestinal irritation. There was no investigation of ammonia or inhibitors of urea degradation so the effect of urea can only be considered an association. An indirect evaluation of both mice with CKD and cultured cells revealed that urea may stimulate the production of reactive oxygen species. Reddy et al. concluded that a high SUN not only increased reactive oxygen species but also caused insulin resistance (96) . However, it is difficult to assign insulin resistance to a single factor considering that there are so many uremia-induced complex metabolic pathways (97, 98) . It will be interesting to evaluate whether the production of Another potential role of urea in producing uremiainduced toxicity is through the development of protein carbamylation, which could disrupt the structure of a protein interfering with signaling pathways and so forth. Stim et al. reported that the rate of carbamylation of hemoglobin increased in parallel with the increase in SUN and that carbamylation was significantly higher in patients with ESRD compared with normal individuals (99) . These responses were confirmed by Berg et al. (100) except that the carbamylated protein was albumin, rather than hemoglobin. Thus, carbamylation of several proteins can occur in uremic individuals but whether this produces toxic reactions has not been defined.
Finally, there are patient-based reports that cast doubt on the hypothesis that urea is a toxin. Hsu et al. studied a man and a woman from a family of patients who had chronic but unexplained azotemia. Results of the evaluation indicated that the high SUN arose from a autosomal dominant genetic defect in urea reabsorption (101) . Kidney function of the two participants revealed subnormal urea clearances but otherwise normal values of inulin clearance, urea excretion, and responses of urea clearance to diuresis and antidiuresis plus normal sodium clearances. Although the mechanism for the familial azotemia was not identified, the report is relevant because the participants had no clinical or laboratory findings attributable to the increase in SUN despite years of values varying from 49 to 65 mg/dl and from 55 to 60 mg/dl, respectively. In another case study, Richards and Brown studied a woman with prolonged azotemia to examine the association between a high SUN and the development of uremic symptoms (102) . The participant subsisted on a diet consisting primarily of fish and a protein powder, yielding urea nitrogen production rates of 40-50 g/d for years. Although the participant maintained a SUN of 50-80 mg/dl for years, she had normal values of hemoglobin, plasma creatinine, BP, and no weight loss. Together, these reports indicate that even a prolonged increase in the concentration of urea does not produce toxic reactions, at least in patients with normal kidney function.
Urea is the largest circulating pool of nitrogen and its production changes in parallel to the degradation of dietary and endogenous proteins. These facts and other properties of urea can be used to estimate the degree of uremia and the compliance with prescribed amounts protein in the diet. The available evidence in patients with CKD suggests that reutilization of ammonia derived from urea degradation for the synthesis of amino acids and proteins is minimal. Whether the evidence would be more persuasive under extreme conditions, such as in hibernating bears, is unknown. The ability of urea to create toxicity is unsettled but years of high SUN values do not produce toxic reactions in individuals with otherwise normal kidney function.
In conclusion, renal urea and ammonia metabolism mediate critical roles in nitrogen balance, urine concentration, and acid-base homeostasis. In this review, we evaluated critical processes involved in these homeostatic mechanisms. Abnormal urea and ammonia metabolism both result from and can lead to a wide variety of conditions, including methods for evaluating issues that are critical to caring for patients with impaired renal function.
